The effect of quark-level form factors in γγ decay of B-mesons via hadronic (DD) intermediate states, is estimated in a Bethe-Salpeter model under Markov-Yukawa Transversality for 3D kernel support defined on a covariant null-plane. The gluonic kernel in the infrared regime has two basic constants which generate the constituent mass via standard DBχS, and are fully calibrated to both qq and qqq spectra plus hadronic amplitudes like pion form factor, and others. With this check on the model, the form factor F (α) of the DDγ vertex gives a multiplicative effect of F 4 (α) on the point-like hadronic transition rate, α being the 'off-shellness' parameter of the D-meson exchanged in the process DD ⇒ γγ. The kinematics of B-decay via DD states gives the range 1.2 < α < 6.2, which actually enhances the F (α)-value over its 'on-shell' value F (0), thereby causing an increase in the decay rate w.r.t. the 'point'-hadronic mode. This result effectively reinforces some recent claims on the measurability of such decay modes.
Introduction: Form Factors in 'Soft' Processes
The coming up of new experimental facilities which are expected to provide precision data for rare B-decays, is just the right occasion for renewing efforts to upgrade their theoretical estimates to new levels of sophistication. Such efforts are already on, with a recent calculation [1] of long distance (soft) contributions to B s ⇒ γγ decay via purely hadronic DD-like modes. Prima facie it might appear that such hadronic effects cannot easily compete with the more orthodox 'hard' (quark-like) intermediate modes, yet the calculations of these authors suggest big enhancements for certain modes like D * D * , thus giving them a fairly bright chance for detection, except for the uncertainties in such estimates arising from quark-level form factors in the DDγ vertex structures.
Unfortunately any reliable estimate of such form factor effects on the off-shell propagation of the exchanged hadron is a matter of theoretical inputs, since off-shell effects are not directly measurable. This in turn requires the use of some model for a semblance of precision in the estimate, but the element of arbitrariness inherent in any model, in the absence of a consensus on what constitutes a minimal theory of strong interactions, puts a heavy strain on the credibility of such calculations. A possible way to reduce the arbitrary element is to subject the model to a pre-calibration in several vital sectors of physics, before its predictive powers can acquire credidibitly. This is a necessary condition for the reliability of form factor effects w.r.t. a 'point-hadron' calculation.
In this paper we offer a Bethe-Salpeter model which hopefully meets the 'calibration criteria', for an explicit evaluation of the form factors due to quark triangle loops at the two vertices of the hadronic process DD ⇒ γγ, fig.1a . To that end we shall take as background the various results of ref. [1] , which will be freely quoted, and express the form factor ( fig.1b) effect as a multiplicative correction to the point-hadron process ( fig.1 ). In this respect, the effective B s DD vertex which constitutes the 'source' of the DD annihilation, will be a common background which will not concern us here. Further, it should be adequate to consider for simplicity DD instead of D * D * annihilation, although it is the latter which apparently gives the enhanced mode [1] . This is because the multiplicative effect of the form factor is very similar for both cases, so that a calculation of the former should give a fairly good index of the nature and extent of the reduction/enhancement if any for both. Therefore our task boils down to the calculation of the form factor F (α) at each of the two (hadronic) DDγ vertices of the two-photon annihilation process, α = 1 + P 2 /M 2 being the off-shellness parameter of the exchanged D-Hadron of 4-momentum P µ and mass M. The resultant multiplicative effect on the point-hadronic transition is F 2 in the annihilation amplitude, and F 4 (α) in the cross-section, with which the point-hadronic cross-section should be weighted for integration over the kinematically permissible α-range, to decide on reduction/enhancement due to hadron compositeness.
In Sec.2, we summarise some essential elements of a Bethe-Salpeter model [2] with 3D kernel support [2, 3] in accordance with the Markov-Yukawa Transversality Principle (MYTP) [4] , which has since been extended to the Covariant null-plane [5] from the earlier Covariant Instantaneity form [2] . We then sketch the derivation of the DDγ form factor F (α) in Sec.3. The main feature of this quantity that is of direct concern to the present calculation is that it exceeds its on-shell value F (0) over the entire kinematically allowed range of α. And its fourth power appearance in the cross section further amplifies the effect. Sec.4 gives a discussion of the 'enhancement' (by a factor of two) in the overall decay rate over the 'point-hadron' value [1] .
A BSE Model With 3D-4D Interlinkage
The Bethe-Salpeter model [2, 3] proposed here is based on the Markov-Yukawa Transversality Principle (MYTP) [4] which requires the pairwise interaction to be instantaneous in the rest frame of the composite. This 'Covariant Instantaneity Ansatz', or CIA [2] , facilitates an exact interconnection [2] between the 3D and 4D forms of the BSE, with the (3D) form serving for the spectroscopy, and the (4D) form providing a natural framework for evaluating hadronic transition amplitudes as 4D quark-loop integrals, in a two-tier fashion [6] . Indeed the (first stage) spectroscopy programme has been quite successful for both the meson [7a] and baryon [7b] sectors in a unified fashion, while some two-quark loop integrals [8] , such as off-shell ρ − ω mixing [8a] and strong SU(2) breaking for hadron mass splittings [8b] within the same framework bring out the second stage applications of this two-tier approach. For applications involving triangle loops and above, however, this approach suffers from the problem of 'Lorentz mismatch' among the concerned vertex functions, giving rise to ill-defined integrals due to the presence of time-like conmponents in the exponential/gaussian factors, and causing among other things 'complexities' in the resulting amplitudes [9] , except when only 2-quark loops occur [8] .
This problem was recently overcome by extending the MYTP [4] from covariant instantaneity [2, 3] to the covariant null-plane (CNPA) [5] . The exact 3D-4D interconnection which characterizes CIA [2] continues to be equally valid for CNPA [5] , so that the 3D BSE form maintains the same formal structure as in CIA [2] , but the 4D vertex functions no longer suffer from 'Lorentz mismatch' in the triangle loop integrals, in addition to maintaining formal covariance (albeit dependent on the null-plane orientation n µ ). And after the 4D integration on the loop variable, the remaining n µ dependence of the external (hadronic) 4-momenta gets eliminated via a simple prescription of 'Lorentz completion' [5] , so that the final amplitudes are fully Lorentz-invariant. (This is checked in [5] for the pion form factor, and the same procedure is adopted here).
The physical premise of this method, as explained in [6b], is one of dynamical breaking of chiral symmetry (DBχS), starting from an input chiral symmetric 4-quark Lagrangian mediated by a 'soft' gluon-like exchange between 'current' quarks. The DBχS shows up through the non-trivial solution of the Schwinger-Dyson Equation (SDE) which generates the constituent mass dynamically, while theand thedynamics are represented by the corresponding BSE structures. This is the standard field-theoretic way [10] to simulate the NJL-effect [11] , and our approach [6b] is patterned precisely on these lines, except for the MYTP [4] effect which provides an exact 3D-4D interlinkage [2] between the corresponding BS wave functions.
With this background, we now collect some essential ingredients for the e.m. form factor of a hadron with unequal quark masses in the notation and phase convention of [2, 6, 8] , adapted to the null-plane variables [5] . The principal ingredient is the hadronquark vertex function which has the form
Hereq µ can be given a common meaning to cover both the CIA [2] and CNPA [5] situations: In CIA [2] , it is the relative momentum transverse to the hadronic 4-momentum P µ , i.e.,q = q − q.P P/P 2 ; while in CNPA [5] it is transverse to the null-plane nµ, i.e.,q = q − q.ñ + n.qP.ñn/n.P [5] , where n µ andñ µ are the null-plane 4-direction and its dual respectively, normalized to n 2 =ñ 2 = 0 and n.ñ = 1 [5] . In the standard ± notation [6a], Figure 1 :
q translates exactly to to a 3-vector, viz., q ⊥ , q 3 where q 3 = Mq + /P + , with P 2 = −M 2 on the hadron mass shell. For off-shell hadron propagation (as is pertinent for the problem on hand) on the other hand, M 2 should be replaced by M 2 (1 − α), where α is a measure of off-slellness. (The general n µ dependence is meant to keep track of formal covariance, but for calculational purposes it is simpler (and faster) to use the old-fashioned notation [6a] ). Note that the q − component does not appear inq. γ D is a Dirac matrix which equals γ 5 for pseudoscalar, iγ µ for vector, etc hadrons [6a] ; D n and φ are the 3D denominator and 3D wave function respectively [2] ; N n (P ) is the BS normalizer. The explicit structures [2,5,6a] of the various symbols, generalized to off-shell hadron propagation, in the covariant NPA [5] are:
where λ is the standard triangle function of its arguments; φ = exp(−q 2 /2β 2 ) is the 3D wave function whose inverse range parameter β is a dynamical function [5] of the basic constants of the (input) BS kernel [7] .
To make use of this framework for the problem on hand, the DD mechanism for (2-photon) decay of B s may be taken over verbatim from [1] . Of this the structure of the effective vertex B s DD is not of direct concern, but the DD ⇒ γγ annihilation process must now have extended structures for the two vertices D barDγ via quark triangle loops, as shown in fig.1 below. Fig.1(a) shows the off-shellness of the exchanged hadron leg (P 2 > −M 2 ), described by the parameter α according to α = (P 2 + M 2 )/M 2 , which vanishes on the mass shell. Following the procedure of [6a,8] , the requisite form factor, a la fig.1(b) , with one off-shell hadron P µ is, using (2.1),
where α carries the off-shellness signature, and
which simplifies to
where
, are the inverse propagators, and x 2 = p 2 .barP /P 2 is the fraction of p 2 in the direction ofP . The BS normalizers N n correspond to both hadrons on-shell (α = 0) with photon 4-momentum k µ = 0, and can be inferred from (2.4-5) so as to make F (0) ≡ 1, so that the value of F (α) away from F (0) is a direct measure of the form factor effect on the point DDγ vertex.
Before evaluating (2.4) in the next section, we collect a couple of formal results due to the off-shellness of the exchanged hadron P µ , and the effect of the form factor (2.4) on the D(P 1 )D(P 2 ) ⇒ γ(k 1 )γ(k 2 ) amplitude. Now the off-shellness of P µ brings in a feature of unequal mass kinematics, as a result of whichP = (P 1 + P )/2 is no longer orthogonal to k 1 = P 1 − P , and similarly at the other vertex. The correct combinationk which is orthogonal toP at each photon vertex (k = k 1,2 ) is now
using the result k 2 = 0. Note that both W 2 andk 2 are positive for α < 2. The kinematical range of α which can be related to the cosine of the scattering angle, works out as
where the energetics are controlled by the mass M s of the 'source' hadron B s . Substituting for the respective masses [1] , the limits work out as 1.19 < α < 6.26. The next item is the structure of the annihilation cross section due to the exchanged D-meson, after summing over the photon polarizations. For the 'direct' term, this contribution works out in terms of the off-shell parameter α as
The 'exchange' as well as the interference terms give similar effects, but a common feature of all of them is the fourthpower dependence on the compositeness form factor F (α) arising from the vertices. Therefore to estimate the effect of compositeness it should be enough to concentrate on the 'direct' term only, to see how the factor F 4 (α) modifies the 'pointhadron' result 4(2 − α) 2 /α 2 , in the same relative normalization; see Sec.3 below.
Exact Evaluation of F (α)
To evaluate F (α), eq.(2.4), note first that since q − is absent from φ(q), all the 'pole' singularities in the q − -plane are contained only in the 3 quark propagators ∆ i . These techniques have been worked out in detail in [6a] , and we summarize the formulae:
in the standard ±-component notation for the (D n , D ′ n )-functions associated with the hadronic 4-momenta P µ (off-shell) and P ′ µ (on-shell) respectively. Next, we collect some definitions and the results of some simplification after the integration over dp 2−
And the trace factor T r + ≡T µ /P µ in Eq.(2.6) is
where y equals (1 − α/2)/(α − 1), and the momentum fraction x 2 in Eq.(2.6) has been replaced by its value (m 2 +m ′ 2 )/2 which equals (1 − ∆m 2 y/M 2 )/2. Collecting all the pieces of F (α) from eqs.(3.1-4) and putting them in (2.4) yields a simple quadrature:
the result of whose integration gives the explicit formula
where σ is defined as ∆m 2 /2M 2 and
. From this the normalizer N n (P ) ≡ N H M/P + is inferred in the limit α = 0 as
which guarantees that F (0) ≡ 1. After this check, a few words on the structure of F (α) are in order. First, form factors are a typical feature of hadron compositeness, with no counterpart in a point-hadron description [1] , where the only singularity is the pole α = 0, corresponding to the on-shell value of the propagator. Now however additional singularities should be expected, such as a branch point at α = 2. Note that there is no pole at α = 1, as might (falsely) appear from the structure of T r + , eq.(3.4), since the φφ ′ term, eq.(3.3), vanishes more strongly at α = 1. As regards the branch point, its source can be traced to the coefficient W 2 of z 2 2 in the exponent in eq.(3.3), which makes the integrand ill-defined for α > 2. This off-shell restriction on α, reduces its net range to 1.2 < α < 2.0. [While it is possible formally to overcome the α < 2 restriction by a suitably defined analytic continuation, it would be a model-dependent exercise which is unlikely to throw more light on the problem on hand].
Results and Discussion
Our principal result for the quark compositeness effect is now the form factor (3.6-7), which appears in the cross section for γγ annihilation in the form (2.9), as a function of the off-shellness parameter α. Its effective range is 1.2 < α < 2.0, although for the point hadron the full range extends to 1.20 < α < 6.26. Now since the indications (see below) are for an enhancement due to the form-factor effect, it is only logical to minimise this effect by integrating (2.9) over 1.2 < α < 2.0, while dividing this result by the 'pointhadron' value (F (α) = 1), over the full range 1.20 < α < 6.26. As to the behaviour of the form factor in the off-shell hadron region, a signature is already available from the T r + factor in (3.6-7) which shows the y-term with a positive sign in (3.6), and a negative sign in the normalizer (3.7), so that the ratio exceeds unity over the entire α-range. And since the effect is one of fourth power in F (α), it is a source of considerable enhancement over the point-hadron (F (α) = 1) situation. Of course the exponential factor (3.3) in (3.6) shows the (expected) 'decreasing' behaviour with α, but this effect is significantly off-set by the T r + -factor which gives a big increase. (See below for further discussion on the origin of the T r + factor). Now consider the ratio
where the full α-range has been taken in the denominator, to minimise the form factor effect. The denominator D simply works out at D = 1.147. For the numerator N, it is convenient to change to the variable y = (1 − α/2)/(α − 1) which gives the range 0 < y < 2. After substituting for the various mass values [12] , and the β 2 value of 0.0893 [7, 5] , the numerator works out as (1 + µy 2 + νy)
where σ 0 = 2.42, µ = 0.156, ν = 0.743, and ∆m 2 /β 2 = 25.43. The integration is now a simple quadrature where the upper limit is practicaly ∞, and the factor σ 4 0 = 34.4. The result is N = 2.81, but we also give an approximate analytic formula:
On the basis of this result, we find the ratio N/D = 2.463, a value which should be regarded as a conservative estimate, since it would have been further amplified if the smaller range 1.2 < α < 2.0 were also taken for the D-function. As for the corresponding D * D * -mediated process [1] , an identical mechanism is valid without further ado, since 'spin' (external) has little effect on the (internal) loop integral.
We end with a few remarks on the role of Markov-Yukawa Transversality Principle [4] , which gives a hadron-quark vertex structure of the form D n × φ [2, 5] , and contributes in a big way to the enhancement in the ratio R noted above. This feature has no counterpart in a more usual form of triangle loop calculation with point vertex functions that give rise to Landau-Cutkowsky (overlapping) singularities (free propagation of quarks!). In contrast, the MYTP [4] , by providing an extra D n factor in the vertex function [2, 5] , eliminates the Landau-Cutkowsky singularities and prevents the free propagation of quarks within the triangle loop. As noted earlier, the model [2, 5] is already calibrated to both types of spectra [7] , as well as to several loop amplitudes [6, 8] . As a further calibration, the pion and kaon form factors, which are now properly calculable under MYTP [4] on the covariant null-plane [5] , are well reproduced within the same formalism [5] . With this added confidence in the MYTP [4] -governed 3D-4D mechanism [2, 5] , our estimate of the form factor effect seems to support the conclusion of [1] , on the observability of high spin hadronic modes of radiative B s decays in hadronic B-factories like HERA-B, CDF, D0 and LHC-B, as and when these become available.
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